Previous studies suggested that the rapidly replicating, highly cytopathic, syncytium-inducing (rapid-high/ SI) phenotype of simian immunodeficiency virus Mne variants that evolved in macaques inoculated with a slowly replicating, minimally cytopathic, non-syncytium-inducing (slow-low/NSI) molecular clone was not solely the result of changes in the envelope surface protein (Env SU). To define the viral determinants responsible for the change in phenotype, we molecularly cloned a rapid-high/SI variant (designated SIVMne170) derived from the peripheral blood mononuclear cells (PBMCs) of a pig-tailed macaque that was inoculated with a slow-low/NSI molecular clone, SIVMneCL8. SIVMne170 was SI and replicated with faster kinetics and was more cytopathic than the parent SIVMneCL8 in CEMx174 cells. Additionally, SIVMne170 was more cytopathic for the CD4 ؉ T-cell population than SIVMneCL8 in macaque PBMCs. An analysis of chimeric viruses constructed between the variant SIVMne170 and the parent virus SIVMneCL8 demonstrated that there are determinants encoded within both the 5 and 3 halves of SIVMne170 that independently contribute to its rapid-high/SI phenotype. As we previously observed with other SIVMne variants, the Env SU of SIVMne170 was important for syncytium induction but was not a key determinant of cytopathicity. By contrast, the intracellular domain of the envelope transmembrane protein (Env TM) contributed to both the SI and cytopathic properties of SIVMne170. We also found that the minimal determinant within the 5 half of SIVMne170 that conferred its rapid replication kinetics and cytopathicity mapped to the capsid-and nucleocapsid-encoding regions of gag. Together, these data demonstrate that mutations selected in Gag and Env TM intracytoplasmic tail influence the replication and cytopathicity of SIVMne variants that evolve in the host.
Phenotypic differences are commonly observed between human immunodeficiency virus type 1 (HIV-1) isolates obtained from peripheral blood at early and late stages of infection (30, 32) . Viruses isolated early after infection, during the asymptomatic stage, are typically macrophage tropic, slow replicating, minimally cytopathic, and non-syncytium inducing (Mtropic, slow-low/NSI phenotype) (6, 10, 11, 15, 16, 46, 51, 52) . Variant viruses that emerge later in infection are frequently able to infect CD4 ϩ T-cell lines and may be rapidly replicating, cytopathic, and syncytium inducing (T-tropic, rapid-high/SI phenotype) (6, 10, 11, 15, 16, 46, 51, 52) . While the significance of this shift in phenotype is unclear, the appearance of rapidhigh/SI viruses has been associated with high viral loads and rapid CD4 ϩ T-cell decline (reviewed in reference 32). Thus, an understanding of the evolution of rapid-high/SI viruses may provide insight into their role in CD4 ϩ T-cell depletion in the host.
A molecular clone of simian immunodeficiency virus (SIV) Mne (SIVMneCL8) undergoes phenotypic changes during the course of infection in macaques. SIVMneCL8 displays a slowlow/NSI phenotype, and when inoculated into pig-tailed macaques, it evolves into a population of rapid-high/SI viruses in association with the development of AIDS (43) . These data suggest that the virological changes that are associated with the decline in CD4 ϩ T cells and progression to AIDS in SIVM neCL8-infected macaques parallel those observed in HIV-1-infected individuals. Importantly, the inoculation of a molecularly cloned virus provides a progenitor of known sequence that can be used to define functional mutations selected during the evolution of the virus over the course of infection. Indeed, previous studies from our laboratory have identified characteristic genetic changes selected in SIVMneCL8 as it evolves in vivo (40, 41, 43) . Because this system can distinguish both genetic and phenotypic differences as a cloned slow-low/NSI virus evolves into a population of rapid-high/SI viruses, the specific viral genetic mutations that confer a shift in viral phenotype may be defined by using this model. Differences in tropism, replication kinetics, and the SI and cytopathic properties of HIV-1 NSI and SI variants have been ascribed to mutations selected in the envelope surface glycoprotein protein (Env SU), gp120 (7, 12, 30) . We have also found that mutations selected in Env SU of SIVMne influence the phenotype of the virus, altering antigenicity and SI capacity (4, 44) . However, in contrast to the HIV-1 Env SU, the mutations in Env SU of SIVMne do not appear to enhance viral replication or cytopathicity, suggesting that mutations in other viral genes contribute to the evolution of rapid-high/SI variants (44) . Thus, to identify the mutations that confer a rapid-high/SI phenotype, we cloned a rapid-high/SI variant that evolved in vivo from the slow-low/NSI pathogenic molecular clone, SIVMneCL8, and examined the phenotype of recombinant chimeric viruses. Here, we report that the emergence of the rapid-high/SI phenotype for SIVMne is determined by changes in Gag and the Env transmembrane protein (Env TM) cytoplasmic tail region.
MATERIALS AND METHODS

Molecular cloning of an SIVMne variant from PBMCs.
Peripheral blood mononuclear cells (PBMCs) were isolated from a pig-tailed macaque (Macaca nemestrina) infected with the pathogenic molecular clone SIVMneCL8 at 170 weeks postinoculation (1, 36, 41, 43) . At this time, the macaque (M87004) had depressed CD4
ϩ T-cell counts and AIDS. The PBMCs were cocultured with the CD4 ϩ human T-B hybrid cell line, CEMx174, for 4 weeks (M87004 170 week [CEM] ) (43, 45) . The phenotype of the virus population in this coculture has been previously described and is similar to that of viruses present in cocultures with naive macaque PBMCs (43) . Furthermore, the Env SU genotype was maintained in the CEMx174 coculture, suggesting that no obvious selection for particular variants had occurred (45) . To obtain a full-length infectious molecular clone variant of SIVMneCL8 from this coculture, we digested high-molecularweight genomic DNA prepared from the cocultured cells with EcoRI, ligated it into the EcoRI site of the DASH II arms (Stratagene, La Jolla, Calif.), and packaged the vector with the Gigapack XL II system (Stratagene). Approximately 2 ϫ 10 6 plaques were screened with 32 P-labeled gag-pol and env DNA probes derived from the plasmid clone of the parent, SIVMneCL8 (pMneCL8). Plaques that scored positive for both probes on the primary screen were isolated and were further purified and amplified. Only one phage clone contained a full-length provirus, which we designated SIVMne170. This provirus was excised from the DASH II vector with EcoRI and ligated into the EcoRI sites of pUC18 (pSIVMne170). A partial restriction map of the variant was generated (Fig. 1) . The sequence of the gag and env genes was determined by manual sequencing with the Sequenase version 2.0 kit (United States Biochemical, Cleveland, Ohio).
Construction of chimeric viruses. To construct recombinant viruses between the parent virus SIVMneCL8 and variant SIVMne170, conserved restriction sites were utilized. The restriction site positions, referred to throughout the text, are derived from the sequence of SIVMneCL8 (GenBank accession no. M32741). To produce construct 8/170, a BstBI (5343)-to-SphI (located in the pUC18 polylinker) fragment that includes sequences of SIVMne170 from vpx through the cellular flanking sequences downstream of the 3Ј long terminal repeat (LTR) was excised from pSIVMne170 and inserted into the BstBI and SphI sites of pMneCL8. For construction of the reciprocal chimeric virus 170/8, a BstBI-SphI fragment of pMneCL8 was ligated into the BstBI and SphI sites of pSIVMne170. For clone 8/170xr-su, the BstBI (5343)-ClaI (7546) fragment in pMneCL8 that contains the vpx-vpr-tat-rev-env SU sequences was removed and replaced by the homologous sequences from SIVMne170. For clone 8/170env, the NsiI (6392)-KpnI (8847) fragment in pMneCL8 that contains env, except for the region encoding the Env leader sequence, was replaced with those sequences from SIVMne170. For recombinant virus 8/170su, the NsiI (6392)-ClaI (7546) env SU from pMneCL8 was replaced with the homologous sequences from pSIVMne170 by previously described methods (44) . To construct 8/170tm-ecto, the ClaI (7546)-NheI (8216) fragment that encodes the ectodomain and the membranespanning domain of Env TM was excised from pMneCL8 and replaced with the homologous sequences from pSIVMne170. For clone 8/170tm-tail, a NheI (8216)-KpnI (8847) fragment that contains the 3Ј region of the env TM gene was removed from pMneCL8 and replaced with the homologous region from pSIVMne170. To construct clone 8/170gag, the region of gag between DraIII (851) and NsiI (1886) that includes the gag capsid (CA) and nucleocapsid (NC) sequences was excised from pMneCL8 and replaced with the homologous sequences from pSIVMne170. For clone 8/170pr, the 5Ј region of pol that includes protease (PR) and the 5Ј portion of reverse transcriptase was removed from pMneCL8 with NsiI (1886) and HpaI (3868) and replaced with the homologous sequence from pSIVMne170. The vif chimera 8/170vif was constructed by removing the BglII (4909)-to-BstBI (5343) internal region of vif from pMneCL8 and replacing it with the homologous sequence from pSIVMne170. Chimera 8/170ca was constructed by removing a DraIII (851)-HindIII (1441) fragment from pMneCL8 that encodes from amino acid 108 in the Gag polyprotein matrix (MA) region to amino acid 304 in the CA region and replacing it with the homologous sequences from pSIVMne170. The clone 8/170nc was made by removing the HindIII (1441)-to-NsiI (1886) gag sequence, which encodes the carboxyl-terminal portion of CA through the amino-terminal sequence of p6 (amino acids 305 to 452 of the Gag polyprotein), from pMneCL8 and replacing it with the homologous region from pSIVMne170. Overlap extension mutagenesis. To convert a stop codon (codon 737 of SIVM neCL8 env) in the env TM intracytoplasmic tail region to a Gln codon, sitedirected mutagenesis was performed according to the PCR overlap extension mutagenesis protocol of Ho et al. (23) . Briefly, a subclone of SIVMneCL8 in Bluescript pKS ϩ (Stratagene) that contains the 3Ј end of the provirus from a HindIII site in env SU to a SalI site in the cellular flanking sequences downstream of the LTR (plasmid p64-5) was used as a template for PCR amplification. For the first-round PCRs, DNA fragments surrounding the premature translational stop codon were generated with the PCR primer combinations of SIV-Env 34 (5Ј-TGGCAGAACTGTATCGATTGGATT-3Ј; nucleotide positions 7535 to 7559)/SIV-R-TMT/C-1 (5Ј-ATGGGTCTGCTGGAAATAAGA AGG-3Ј; nucleotide positions 8285 to 8262) and SIV-F-TMT/C-2 (5Ј-ATTTC CAGCAGACCCATATCCGAC-3Ј; nucleotide positions 8269 to 8892)/SIV-Env 32 (5Ј-TTCTTAAGGGAACTCGTGGCCTCA-3Ј; nucleotide positions 8854 to 8878). SIV-R-TMT/C-1 and SIV-F-TMT/C-2 are the overlapping primers that contain the specific mutation that changes the premature stop codon at amino acid position 737 to a Gln codon. The mutant bases (C and G; position 8277 of SIV-F-TMT/C-2 and SIV-R-TMT/C-1, respectively) are indicated in bold italicized letters. For the first round of amplification, an initial cycle of denaturation was performed at 94°C for 4 min, followed by 35 cycles of amplification. Each cycle consisted of DNA denaturation at 94°C for 1 min, annealing at 56°C for 1 min, and extension at 72°C for 2 min. The expected DNA products were mixed, diluted, and subjected to a second round of PCR with primers SIV-Env 32 and SIV-Env 34 for amplification. The DNA templates were denatured at 94°C for 4 min and then amplified for 35 cycles. Each cycle consisted of DNA denaturation at 94°C for 1 min, annealing at 45°C for 2 min, and extension at 72°C for 2 min.
The resulting product was digested with NheI and KpnI and cloned into the NheI and KpnI sites of p64-5. Five clones were screened for the presence of the T-to-C mutation in position 1 of codon 737 by DNA sequencing. A clone containing only the T-to-C mutation was digested with NheI and SalI. These viral sequences were ligated into the complementary NheI and SalI sites in the parent virus SIVMneCL8 to produce a provirus that expresses a full-length Env TM intracytoplasmic tail.
Virus stocks. Ten million CEMx174 cells were transfected with 10 g of each plasmid proviral construct by the DEAE-dextran method and cultured for 10 days in RPMI complete medium (RPMI 1640 supplemented with 10% heatinactivated [56°C for 30 min] fetal bovine serum, 2 mM L-glutamine, 100-U/ml penicillin, 100-g/ml streptomycin, and 250-ng/ml amphotericin B). Conditioned viral supernatants were clarified by centrifugation at 1,500 rpm for 10 min in a Beckman GS-6R clinical centrifuge, filtered with 0.22-M-pore-size filters (Millipore, Bedford, Mass.), and stored in 1-ml aliquots at Ϫ70°C. The tissue culture infectious dose (TCID) per milliliter of each virus supernatant stock was determined by the sMAGI assay (5) . Briefly, sMAGI indicator cells were infected with 2 to 50 l of viral supernatant and stained for ␤-galactosidase expression 3 days postinfection to detect infected cells as previously described (5) .
Infection of human CD4 ؉ cell lines. The human CD4 ϩ T-cell lines Molt4 Clone 8, MT4, CEM, and Jurkat and a CD4 ϩ T-B-cell hybrid cell line, CEMx174, were maintained in RPMI complete medium. To examine viral tropism for these cell lines, triplicate cultures of 5 ϫ 10 5 cells from each line were infected with 1,000 TCIDs of each virus derived from the molecular clones of SIVMne and propagated in 2 ml of RPMI complete medium. Every 3 days, 1 ml of medium was removed from each culture, the cell numbers were adjusted to 5 ϫ 10 5 total cells, and fresh medium was added to 2 ml. If there were cytopathic effects in a culture that reduced the total cell number below 5 ϫ 10 5 cells, then no cells were removed, but 1 ml of culture medium was removed and replaced with 1 ml of fresh medium. At 6, 12, and 18 days postinfection, 1 ml of supernatant from each culture was saved and stored at Ϫ70°C. Viral replication was assessed by examining the supernatants for cell-free SIV p27
gag by antigen enzyme-linked immunosorbent assay (ELISA) specific for the SIV p27 gag capsid protein (Immunotech, Westbrook, Maine). Cultures were scored positive for viral replication if the cell-free supernatants taken at 12 and 18 days postinfection were positive for SIV p27 gag (Ͼ50 pg/ml). clinical centrifuge, washed twice with phosphate-buffered saline to remove residual free virions, and resuspended in 2 ml of fresh RPMI complete medium. Every 2 to 3 days, both the viable and total cell numbers were determined by trypan blue dye exclusion, and the total number of syncytia per culture was counted by visual inspection at a magnification of ϫ100 with an inverted phasecontrast microscope (Nikon). Only syncytia larger than 5 cell diameters were scored. Viral replication was monitored by assaying dilutions of the culture supernatants for cell-free SIV p27 gag by antigen ELISA. Only the p27 gag values that were obtained in the linear range of the assay were used for calculating the amount of p27 gag . The cell number in each culture was adjusted to 8 ϫ 10
5
, and fresh RPMI complete medium was added to a final volume of 2 ml. If the cell number was below 8 ϫ 10 5 , then no cells were removed, but one-half of the culture medium was replaced with fresh RPMI complete medium.
Isolation and infection of PBMCs and monocytes/macrophages. Macaque PBMCs were isolated from whole blood of SIV-and simian type D retrovirusnegative pig-tailed macaques (M. nemestrina) by Ficoll-Hypaque centrifugation as previously described (43) . To examine viral replication in PBMCs, PBMCs were cultured with 10 g of phytohemagglutinin (PHA) P (Difco Laboratories, Detroit, Mich.) per ml in RPMI complete medium supplemented with 20-U/ml human recombinant interleukin 2 (IL-2) (Boehringer Mannheim, Indianapolis, Ind.) for 3 days. The cells were pelleted by centrifugation at 1,200 rpm in a Beckman GS-6R clinical centrifuge and washed with RPMI complete medium to remove the PHA, and duplicate cultures of 2 ϫ 10 6 cells were infected with 2,000 TCIDs of each virus in 1 ml of RPMI complete medium plus 20 U of IL-2 per ml. The following day, the cells were pelleted, washed with phosphate-buffered saline twice to remove residual cell-free virions, and resuspended in 3 ml of RPMI complete medium supplemented with 20 U of IL-2 per ml. Every 3 days, 2 ml of culture supernatant was removed and replaced with fresh RPMI complete medium plus IL-2 (20 U/ml). The supernatants were stored at Ϫ70°C and assayed for cell-free SIV p27 gag antigen by ELISA. To analyze the cytopathicity of the viruses for CD4 ϩ T cells, 4 ϫ 10 6 PBMCs were infected with each virus with a multiplicity of infection (MOI) ranging from 0.001 to 0.1. Over a 2-week period, the percentage of CD4 ϩ T cells in each of the cultures was monitored by fluorescence-activated cell sorting (FACS) analysis with a Becton Dickinson FACScan (San Jose, Calif.). For the analysis, 30,000 cells were counted. Forward and side scatter light characteristics were used to exclude dead cells from the analysis. Anti-human CD4 and anti-human CD8 monoclonal antibodies (Becton Dickinson) that cross-react with macaque CD4 and CD8, respectively, were used for enumeration. An anti-macaque CD3 monoclonal antibody was obtained from Biosource International (Camarillo, Calif.).
Monocytes/macrophages were isolated from macaque PBMCs by adherence to plastic tissue culture flasks (Corning, Corning, N.Y.), cultured for 5 days in macrophage medium (RPMI 1640 supplemented with 10% heat-inactivated [56°C, 30 min] human type AB serum, 5% heat-inactivated fetal bovine serum, 10% GCT-conditioned medium [obtained from the AIDS Research Reagent and Reference Program], 2 mM glutamine, 100-U/ml penicillin, 100-mg/ml streptomycin, and 250-ng/ml amphotericin B), and infected as previously described (43) . Duplicate cultures were infected with each virus with an MOI of 0.001. Viral replication was monitored by assaying supernatants taken at 3-to 4-day intervals postinfection for the presence of SIV p27 gag by ELISA. Nucleotide sequence accession numbers. The complete nucleotide sequences of the gag and env genes of SIVMne170 were entered into GenBank under accession no. U95965 and U95966, respectively.
RESULTS
Characterization of a PBMC-derived variant of SIVMne CL8.
To obtain an infectious molecular clone of a rapidhigh/SI variant virus that evolved during the development of simian AIDS, we isolated a proviral clone from a coculture that expresses rapid-high/SI variants of SIVMneCL8. A partial restriction map of the late variant virus, designated SIVMne170, was generated and compared with the parent virus, SIV MneCL8 (Fig. 1) . Overall, many of the restriction sites were conserved between SIVMne170 and SIVMneCL8. However, the viruses could be distinguished from each other by restriction site polymorphisms scattered throughout the genome. For example, relative to SIVMneCL8, the variant SIVMne170 contained an additional BamHI site in the untranslated sequence between U5 and the gag initiation codon but had lost BglII, PstI, XhoI, and BglI sites in pol, env, nef, and LTRs, respectively. Finally, a spreading infection was observed when CEMx174 cells were transfected with the SIVMne170 proviral clone, demonstrating that SIVMne170 was replication competent (data not shown).
To compare the host cell tropism of SIVMne170 and SIVM neCL8, various human CD4 ϩ T-cell lines, macaque PBMCs, and macaque monocyte/macrophage cultures were infected with an equal infectious dose of each virus (MOI, 0.001). The viruses displayed similar host cell ranges for the macaque and human cells. Both viruses were capable of replicating in cultures of pig-tailed macaque monocytes/macrophages and PHA-stimulated pig-tailed macaque PBMCs, the human hybrid cell line CEMx174, and the human T-cell leukemia virus type 1 (HTLV-1)-transformed cell line MT4. Neither virus replicated in the Jurkat, CEM, or Molt4 Clone 8 cell line.
We previously demonstrated that the CEMx174 cell line could be used to identify rapid-high/SI viruses (43) . To determine whether SIVMne170 had an increased ability to replicate and to cause syncytia and cytopathic effects compared to the slow-low/NSI parent virus, SIVMneCL8, we infected CEMx174 cells at an equal MOI with each virus and monitored their phenotype (Fig. 2) . The peak level of SIVMne170 p27 gag occurred 2 to 3 days before that of SIVMneCL8 but dropped off to a low level by 18 days postinfection ( Fig. 2A) . However, the p27 gag level of SIVMneCL8 rose to a level twofold higher than that of SIVMne170. The differences in steady-state levels may, in part, reflect the cytopathic effects of SIVMne170. For example, when the p27 gag values were adjusted by the number of viable cells, SIVMne170 produced a greater amount of p27 gag per cell (five-to sevenfold) than SIVMneCL8 (data not shown).
In the SIVMne170-infected CEMx174 cultures, a decrease in the viable cell number began concomitant with the peak in the level of p27 gag expression. This decrease was reflected both in the extrapolated viable cell number (Fig. 2B) , which decreased approximately 1,000-fold compared to the uninfected cultures, and in the percentage of cells that were viable (Fig.  2C) , which decreased to less than 5%. The cytopathic effects of the parent virus, SIVMneCL8, also coincided with its peak p27 gag antigen level. However, its cytopathic effects were modest; it decreased the viable cell number by fivefold (Fig. 2B) . Furthermore, the cell viability remained greater than 45% throughout the course of the infection (Fig. 2C ). Syncytia were also observed at the peak level of p27 gag antigen production in the SIVMne170 cultures, but few were found in the SIVM neCL8-infected cultures (Fig. 2D) . Similar results were obtained in 10 independent experiments. Together, these data demonstrate that SIVMne170 represents a rapid-high/SI variant that evolved from the minimally cytopathic, NSI, parent virus SIVMneCL8. SIVMne170 is therefore an appropriate virus for identifying the genetic changes that confer an increase in viral replication and cytopathicity on variant viruses that are selected during progression to AIDS.
5 and 3 determinants confer a cytopathic phenotype upon SIVMne170. To identify the determinants in SIVMne170 that conferred its rapid-high/SI phenotype, we constructed recombinant chimeric viruses between SIVMne170 and the parent virus, SIVMneCL8, by using conserved restriction sites in the proviral genomes (Fig. 3) . Initially, the simplest reciprocal chimeric viruses (8/170 and 170/8), which exchange the coding regions for gag-pol-5Ј-vif and 3Ј-vif-vpx-vpr-tat-rev-env-nef-LTR regions, were constructed and analyzed. Recombinant 8/170, which contained the 5Ј half of SIVMneCL8 and the 3Ј half of SIVMne170, replicated with similar kinetics as SIVMneCL8. To localize the 3Ј determinants that contributed to the cytopathic SI phenotype of SIVMne170, we constructed chimeric viruses that included smaller regions of the 3Ј half of the SIVMne170 proviral genome in the background of the parent virus SIVMneCL8 (Fig. 3) . (44) . When these chimeric viruses were examined for their SI ability, only the recombinants that expressed either the SU or the TM intracytoplasmic tail region of the SIVMne170 env were capable of inducing syncytia ( Fig. 3 and 4) . These viruses included 8/170xr-su, 8/170env, 8/170su, and 8/170tm-tail. By contrast, a chimeric virus, 8/170tm-ecto, expressing only the ectodomain of the env TM from SIVMne170 did not confer the SI phenotype. Interestingly, when the chimeric viruses harboring 3Ј determinants from SIVMne170 were examined for the ability to cause cytopathic effects, only the chimeric viruses that expressed the intracytoplasmic tail-encoding region of env TM from SIVMne170 were capable of significantly enhancing the cytopathicity of SIVMneCL8. These viruses included 8/170env and 8/170tm-tail, which decreased the cell viability to 30 and 18%, respectively. Together, these data demonstrate that within the 3Ј end of the viral genome both env SU and TM contribute to the SI phenotype of SIVMne170 but that only the cytoplasmic tail-encoding region of env TM harbors a cytopathic determinant.
To identify the 5Ј determinant(s) in SIVMne170 that conferred its rapid replication kinetics and contributed to its cytopathicity, we constructed and analyzed chimeric viruses that contained regions of gag, pol, or vif from SIVMne170 but were isogenic with respect to SIVMneCL8 (Fig. 3) . The chimeric viruses that contained the gag CA and NC (8/170gag), PR and 5Ј region of reverse transcriptase from pol (8/170pr), or vif (8/170vif) regions from SIVMne170 replicated with faster kinetics than SIVMneCL8 in CEMx174 cells, suggesting that mutations in each of these determinants independently contributed to the rapid replication kinetics of SIVMne170. However, of these three chimeric viruses only the recombinant containing the gag CA and NC regions from SIVMne170 (8/ 170gag) was significantly more cytopathic than SIVMneCL8, reducing the cell viability to 27% compared to 50% by SIVMneCL8.
To further define the 5Ј cytopathic determinant, the gag determinant was subdivided. The resulting recombinant viruses contained sequences primarily from either the gag CA (virus 8/170ca) or gag NC (virus 8/170nc) of SIVMne170 and were isogenic with respect to SIVMneCL8. Both of these chi- gag production was monitored by antigen ELISA (A), the extrapolated viable cell number (B) and cell viability (C) were determined by trypan blue dye exclusion, and the total number of syncytia (D) were counted in each culture as described in Materials and Methods. Each value shown is the average of duplicate cultures. meric viruses replicated with kinetics similar to SIVMneCL8 but were significantly more cytopathic than SIVMneCL8, reducing the cell viability to approximately 21%. The decrease in cell viability induced by either 8/170ca or 8/170nc was not as pronounced as the reduction in cell viability to 10% caused by SIVMne170 or the chimera 170/8 but was similar to 8/170gag. Finally, none of the recombinant viruses harboring 5Ј determinants from SIVMne170 caused syncytia, suggesting that these determinants did not influence the SI property. Together, these data demonstrate that mutations in gag CA and NC, pol, and vif independently influence the replication kinetics of SIVMne170 in CEMx174 cells but that the primary 5Ј cytopathic determinants map to the gag CA and NC regions.
Sequence analysis of the gag and env genes from SIVMne 170. To identify the specific mutations in gag and env that may be important for the rapid-high/SI phenotype of SIVMne170, we compared the predicted amino acid sequences of gag and env from SIVMne170 with those sequences of the parent virus, SIVMneCL8. Eight amino acid differences in the Gag sequence (positions 61, 116, 140, 259, 282, 391, 408, and 504) distinguished the SIVMne170 Gag from the SIVMneCL8 Gag (Fig. 5) . Four of the mutations are nonconservative (E116A, S282N, T408A, and E504G). Only two of the mutations in SIVMne170, N-282 in CA and A-408 in the linker region between the two zinc-finger, Cys-His boxes of NC, converted amino acids to ones that are highly conserved among the SIVs (37) . Both of these mutations were present in the gag determinant from SIVMne170 that was inserted into the background of the parent virus SIVMneCL8 to produce the chimeric virus 8/170gag. Also, N-282 was encoded in the gag CA fragment of SIVMne170 present in 8/170ca, and A-408 was encoded in the gag NC fragment of SIVMne170 present in 8/170nc. Thus, these mutations may have roles in increasing the replication rate and cytopathicity of SIVMne170.
Within envelope extracellular protein, amino acid differences between SIVMneCL8 and SIVMne170 were most extensive in variable regions V1 and V4 (Fig. 6 ). These mutations are characteristic of those that we have previously reported for SI variant virus populations of SIVMne (41, (43) (44) (45) . Specifically, the mutations in V1 may potentially alter O-linked and N-linked glycosylation, particularly the P132S and N149S mutations (4, 40) . Furthermore, the N416D and T418N mutations are predicted to shift an N-linked glycosylation site in V4.
Within the envelope transmembrane protein, SIVMne170 contains several mutations that distinguish it from SIVM neCL8 (Fig. 6 ). In the ectodomain, there are three mutations (positions 630, 634, and 645), one of which (N630S) shifts a potential N-linked glycosylation site. However, this change did not appear to have any bearing on either the SI property or the cytopathicity of SIVMne170 because chimeric virus 8/170tm-ecto (Fig. 3 ) was NSI and no more cytopathic than SIVM neCL8. Additionally, there are no mutations in the fusion peptide (2) of the SIVMne170 Env TM that could account for the change in viral phenotype from that of SIVMneCL8.
The most notable difference between the Env TM of SIVM neCL8 and that of variant SIVMne170 is the reversion of a premature stop codon to a Gln at position 737 within the intracytoplasmic tail. The reversion results from a thymine-tocytosine change at position 1 of codon 737 of env. The mutation is predicted to allow expression of the carboxyl-terminal portion of the Env TM intracytoplasmic tail that includes the highly conserved palmitoylation site at 790 (54) and the lentiviral lytic peptide region (33, 34, 54) . However, it does not FIG. 3 . Replication, cytopathicity, and SI capacity of chimeric viruses in CEMx174 cells. Recombinant chimeric proviruses were constructed by using restriction sites conserved between SIVMneCL8 and SIVMne170. Each restriction site and its position are indicated on a linear provirus depicted below the schematic diagram of the SIV reading frames. Chimeric viruses are indicated in black and white boxes. Black boxes indicate regions of the SIVMne170 genome cloned into the background of the parent virus SIVMneCL8 (open boxes). Replication, cytopathicity, and syncytium induction were monitored as described in the legend to Fig. 2 . For viral replication, the replication kinetics of each virus relative to that of the parent SIVMneCL8 (represented by two plus signs) is shown. Thus, a single plus sign indicates a peak SIV p27 gag antigen level 3 to 4 days later than that of SIVMneCL8 (ϩϩ), two plus signs indicate an equal rate of replication, and three plus signs indicate that the peak SIV p27 gag antigen level occurred 2 to 3 days earlier than that found for SIVMneCL8. For syncytium induction, a minus sign indicates that the average number of syncytia was less than 25 per culture and a plus sign indicates that the average number of syncytia was greater than 400 per culture. The values shown under the viability (percent) column represent the lowest percentages of viable cells plus or minus the standard errors of the means rounded to the nearest whole number. The numbers in each column are the average values calculated from a minimum of four independent infections. All infections were monitored for 15 to 18 days. affect alternative overlapping reading frames such as those for tat, rev, and nef or the Rev response regulatory element.
To determine whether the reversion of the premature stop codon in the env TM to a Gln codon was common to variants of SIVMneCL8, we sequenced the env TM intracellular domain of PCR-amplified clones from sequential PBMC samples of macaque M87004. A cytosine in position 1 of codon 737 was observed in each variant examined from two time points (data not shown). The earliest clones were obtained from a PBMC sample taken at 35 weeks postinoculation, 8 weeks prior to CD4 ϩ T-cell decline, suggesting that the reversion occurred early as shown by others (22, 27) .
Env TM intracytoplasmic tail is a determinant of cytopathicity and syncytium induction. To determine whether a reversion of the premature stop codon in the SIVMneCL8 env TM would confer an SI phenotype and enhance cytopathicity, we changed the env stop codon 737 to one encoding Gln and examined the phenotype of the mutant virus in CEMx174 cells. Expression of a full-length Env TM by the mutant, designated SIVMneSt737Q, was confirmed by Western blot analysis (data not shown). Mutant SIVMneSt737Q replicated with kinetics similar to the parent virus, SIVMneCL8. However, SIVMne St737Q was SI and more cytopathic than SIVMneCL8 (Fig. 3  and 4) , reducing the cell viability to 30%. These data demon- strate that the intracytoplasmic tail of Env TM can be both a cytopathic and an SI determinant of SIV.
Replication rates and cytopathicity of SIVMneCL8 and SIVMne170 in PBMCs. To examine SIVMne170 and SIVM neCL8 replication in a more physiologically relevant cell population, we infected pig-tailed macaque PBMCs. Although SIVMne170 consistently replicated with faster kinetics than SIVMneCL8 in CEMx174 cells, in macaque PBMCs the differences in replication were variable and donor dependent (Fig. 7) . For example, in macaque PBMCs from one animal, we found that the peak p27 gag level from the SIVMne170-infected cultures was 100-fold higher than the level achieved in the SIVMneCL8-infected cultures, suggesting that SIVMne170 replicated to a higher level (Fig. 7A) . However, in PBMCs from a second macaque donor, the p27 gag antigen level for SIVMneCL8 was threefold higher than that of SIVMne170 (Fig. 7B) . The different results in Fig. 7A and B were primarily due to SIVMneCL8's ability to replicate in the donors' PBMCs, because SIVMne170 replicated to a high level in the PBMCs from both macaque donors. Variable results similar to these were also observed when the replication kinetics of SIVMneCL8 and SIVMne170 from three other macaque PBMC infection experiments were compared with each other (data not shown).
Although SIVMne170 did not appear to consistently replicate to a higher level than SIVMneCL8 in macaque PBMCs derived from different donors, it was nevertheless more cytopathic for the CD4 ϩ T-cell population in all macaque PBMC cultures examined. When macaque PBMCs were infected with each virus at a low MOI (0.001), SIVMne170 reduced the CD4 ϩ T-cell population by 20% after 11 days of infection and by 33% by 14 days postinfection (Fig. 8A) . In contrast, SIVM neCL8 did not reduce the percentage of CD4 ϩ T cells after 11 days of infection but caused a 12% reduction by 14 days postinfection. Similarly, when macaque PBMCs were infected at a 10-fold higher MOI with each virus, SIVMne170 remained more cytopathic for the CD4 ϩ T-cell population than SIVM neCL8 (Fig. 8B) . SIVMne170 reduced the CD4 ϩ T-cell population by 45 and 53% after 8 and 15 days of infection, respectively, while SIVMneCL8 caused reductions of 26% after 8 days and 37% by 15 days postinfection. In additional infections of macaque PBMCs derived from different donors, SIVM ne170 was consistently more cytopathic for the CD4 ϩ T-cell population than SIVMneCL8 (data not shown). Furthermore, syncytia were not observed in any cultures of PBMCs infected with either SIVMne170 or SIVMneCL8 (data not shown). These data suggest that SIVMne170 is more cytopathic for primary macaque PBMCs than the parent virus, SIVMneCL8.
To determine whether the gag region of SIVMne170 was a cytopathic determinant for macaque primary CD4 ϩ T cells, we infected PHA-stimulated macaque PBMCs with the recombinant virus 8/170gag and examined its ability to kill CD4 ϩ T cells by FACS analysis (Fig. 8B) . Recombinant 8/170gag reduced the CD4 ϩ T-cell population by 72% after 8 days and 78% by 15 days postinfection. This level of cell killing was more extensive than that of either SIVMneCL8, which reduced the CD4 ϩ T-cell population by 26 and 37% after 8 and 15 days of infection, respectively, or SIVMne170, which reduced the CD4 ϩ T-cell population by 45% after 8 days and 53% by 15 days postinfection. Similar observations were made in two additional independent experiments with PBMCs derived from two other macaque donors (data not shown). Neither gag chimera 8/170ca nor 8/170nc caused as high a level of CD4 ϩ T-cell killing as 8/170gag, although chimera 8/170nc was as cytopathic as SIVMne170 (data not shown). These data demonstrate that mutations in Gag influence the cytopathicity of SIVMne for primary macaque CD4 ϩ T cells. We also determined whether mutant SIVMneSt737Q, which contained only a point mutation that changed the premature stop codon in the env TM intracytoplasmic tail of SIVMneCL8 to a full-length open reading frame, was more cytopathic for primary macaque CD4 ϩ T cells than the parent SIVMneCL8 (Fig. 8C) . In contrast to SIVMneCL8, which reduced the CD4 ϩ T-cell population by 16% after 7 days and 50% by 13 days postinfection, mutant SIVMneSt737Q caused a 70% loss of CD4 ϩ T cells by 7 days postinfection. This value increased to 92% by 13 days postinfection. Similar observations were made in four other independent experiments with PBMCs Thus, these data demonstrate that the intracytoplasmic tail of Env TM is a determinant of cytopathicity for SIV. Finally, as we had previously found in CEMx174 cells, the chimeric virus expressing the Env SU from SIVMne170 in the background of SIVMneCL8 (8/170su) was minimally cytopathic for primary macaque CD4 ϩ T cells (data not shown).
DISCUSSION
SIVMne, like HIV-1, evolves from a slow-low/NSI virus, represented by SIVMneCL8, to a rapid-high/SI variant population as infected macaques progress to AIDS (43). Our previous studies showed that mutations selected in Env SU of SIVMneCL8 during the course of infection contribute to the shift from an NSI to an SI phenotype but do not enhance replication or cytopathicity (44) . Therefore, in order to identify the determinants that affect the replicative and cytopathic properties of late variant viruses, we molecularly cloned a rapid-high/SI variant of SIVMneCL8 (designated SIVMne170) from a pig-tailed macaque with AIDS and used the variant to construct interviral recombinants with SIVMneCL8. Our analysis of the chimeric viruses demonstrated that several determinants in gag and env contributed to the rapid-high/SI phenotype of SIVMne170.
Our characterization of variant SIVMne170 showed that it was genetically and phenotypically different from the parent virus, SIVMneCL8. SIVMne170 displayed rapid replication kinetics and greater cytopathicity and SI ability compared to SIVMneCL8 in CEMx174 cells. SIVMne170 also demonstrated greater cytopathicity for the CD4 ϩ T-cell population in macaque PBMCs than SIVMneCL8, even though it did not consistently replicate to higher levels than SIVMneCL8 in these cells. A similar observation has been made for HIV-1 variants, although Connor et al. demonstrated that NSI HIV-1 variants replicate with slower kinetics and are less cytopathic than SI variants (11) . For example, Yu et al. demonstrated that several HIV-1 M-tropic NSI viruses can replicate as well as, or faster than, T-cell-tropic SI viruses in PBMCs, but the extent of primary CD4
ϩ T-cell killing by M-tropic NSI viruses was less than that of T-tropic SI viruses (56) . Thus, for both SIV and HIV-1, the ability to kill primary CD4 ϩ T cells may not correlate with the rate of virus replication, suggesting that other viral characteristics may contribute to cytopathicity. Furthermore, while SIVMne170 and SIVMneCL8 differ in their replication kinetics, cytopathicity, and SI properties, they displayed similar tropisms for primary macaque PBMCs and monocyte-derived macrophages and human CD4 ϩ cell lines. This phenotype is also similar to NSI and SI HIV-1 primary isolates and clones, which are dually tropic for monocyte-derived macrophages and PBMCs (9, 11, 17, 53) . However, while there are some similarities in the phenotypes of HIV-1 and SIVMne variants, there is a difference in the methods used to examine the viral phenotypes. For SIVMne, we typically evaluate the SI phenotype in CEMx174 cells whereas the HTLV-1-transformed cell line, MT2, has been used for HIV-1 (11, 25, 28) . We have shown here and previously that HTLV-1-transformed T-cell lines such as MT4 and C8166 (45) are infectable by SIVMne variants. Although the variants isolated at late stages of infection are both cytopathic and SI for C8166 cells, CEMx174 cells are a more sensitive indicator cell line for the cytopathic and SI effects of SIVMne (43) . Together, these data further demonstrate that the virological changes that occur in SIVMne during the course of an infection are generally similar to those that occur in HIV-1.
The minimal determinants of SIVMne170 that were responsible for its SI phenotype mapped to the env gene. The SIVMne170 Env SU conferred an SI phenotype but did not contribute to the cytopathicity of SIVMne170 in either CEMx174 cells or macaque PBMCs. These data contrast with studies of HIV-1, demonstrating that mutations in Env SU, which confer an SI phenotype, are sufficient to increase cytopathicity (7, 12, 30, 32) . However, the data are consistent with previous observations from our laboratory which showed that other chimeric SIVMne viruses, differing in their Env SU sequences but otherwise isogenic with respect to SIVMneCL8, are minimally cytopathic regardless of their NSI/SI phenotype (44) . Thus, an SI Env SU does not appear to confer upon SIV greater cytopathicity than an NSI Env SU, and syncytium induction per se is not the primary cause of cell killing. Instead, a second SI determinant, which mapped to the intracellular domain of the SIVMne170 env TM gene, enhanced cytopathicity.
The ability of the Env TM intracellular domain to increase the cytopathicity of SIVMneCL8 contrasts with a previous study which suggests that a truncation of the cytoplasmic tail of Env TM does not affect the cytopathicity of SIVmac239 (27) . The difference in results may be due to the cell lines used to examine the viral phenotype or a masking of the cytopathic effects of the Env TM intracytoplasmic tail by another cytopathic determinant in SIVmac239. A minimally cytopathic virus such as SIVMneCL8 may provide a better context for detecting the cytopathic effects contributed by the Env TM cytoplasmic tail. Interestingly, the carboxyl-terminal regions of both the SIV and HIV-1 Env TM intracytoplasmic tails are predicted to form amphipathic helices, and synthetic peptides of this region form pores in membranes and are cytotoxic for cells (8, 33, 34) , suggesting that the intracellular domain of Env TM is a cytopathic determinant. Additional studies have shown that the cytoplasmic tail of the HIV-1 envelope protein binds calmodulin, raising the possibility that TM expression may disrupt signal transduction and cellular functions (35, 49, 50) . Our data demonstrate that, in the context of a full-length replicating SIV, the Env TM intracytoplasmic tail may contribute to cell killing in macaque PBMCs and human cell lines. This is consistent with two studies of HIV-1 which also dem- onstrated that mutations in the carboxyl-terminal region of Env TM affect cytopathicity (18, 29) . However, using a heterologous Env expression system, another study of the HIV-1 Env TM suggests that the intracytoplasmic tail is not a cytopathic determinant (3) . The difference in results may be explained by the methods or cell type used to express and examine the cytopathic effects of Env. Whether variation in this region of TM affects the cytopathicity and pathogenicity of SIV will be important to determine.
The function of the Env TM intracellular domain in viral replication is unclear. Studies from several groups have suggested that a truncation in the Env TM intracytoplasmic tail increases the rate of replication or expands tropism in human T-cell lines because it enhances the density of envelope proteins on virions compared to isogenic viruses with the full-length cytoplasmic tail (24, 58) . Truncation of the Env TM intracytoplasmic domain has also been demonstrated to alter the conformation of the extracellular domain of Env TM, thereby possibly affecting envelope fusogenicity (48) . Furthermore, syncytium induction has been shown to be greater for viruses with a truncation of the Env TM cytoplasmic tail (42, 58) . Our data show that the presence of a full-length intracytoplasmic tail enhances Env fusogenicity as measured by syncytium induction. Thus, the selection for a fulllength cytoplasmic tail in vivo may, in part, be driven by the requirement for an Env protein with greater fusogenicity. Additionally, the intracytoplasmic tail of Env TM may influence replication through other mechanisms. A study by Zhang et al. suggests that the cytoplasmic tail of HIV-1 increases viral infectivity by enhancing endogenous reverse transcription in virions (57) . Whether this is true for SIV will be important to determine. Together, these data suggest that the Env TM intracytoplasmic tail plays an important role in viral replication by affecting fusogenicity, and perhaps infectivity. This is consistent with data presented here and those from earlier studies that demonstrate a strong selection in vivo for viruses encoding the intracytoplasmic domain of SIV Env TM (22, 27, 47) . It should be noted, though, that Hirsch et al. (21) have recently showed that the predominant SIV variants cloned from brain tissue, but not peripheral blood, of a macaque infected with SIVsmE543-3 contain truncated Env TM intracytoplasmic tails. This demonstrates that de novo selection occurs in vivo for viruses with truncated Env TM intracytoplasmic tails and suggests a possible functional role for variants lacking a full-length Env TM.
The mutations in the Gag CA and NC of SIVMne170 conferred its faster replication kinetics and also contributed to its greater cytopathicity compared to the parent SIVMneCL8. Interestingly, the Gag determinants from SIVMne170 enhance the cytopathicity of SIVMneCL8 in the absence of syncytium formation. Thus, mutations in Gag may, in part, account for the high level of cytopathicity observed for some NSI viruses (26, 56) . Both CA and NC play important roles in virus assembly and maturation (13, 14, 20, 39) . In addition, NC facilitates reverse transcription and is a viral RNA-binding protein (13, 19, 55) . Thus, it is possible that mutations in these regions could alter the replication kinetics of SIVMne by affecting both maturation and infectivity. How CA and NC affect the cytopathicity of the virus is unclear and will require further investigation. It is, however, unlikely that the gag determinant contributes to the cytopathicity of SIVMne170 simply by increasing virus production because the chimeric viruses harboring pol and vif determinants from SIVMne170 (8/170pr and 8/170vif) also replicated with faster kinetics than SIVMneCL8, but they were not more cytopathic.
In conclusion, we have demonstrated that the evolution of several determinants in SIVMneCL8 contributes to the emergence of the rapid-high/SI phenotype that is associated with rapid CD4 ϩ T-cell decline and AIDS. The identification of these mutations may now allow us to assess their independent contributions to pathogenicity in vivo. Thus, an important aspect of our approach is the examination of whether specific in vitro phenotypes such as rapid replication, increased cytopathicity, and SI ability are predictive of rapid disease progression. In this regard, it is interesting that the determinants of pathogenicity for the SIVmac and SIVsm strains have been shown to be complex (31, 38) . However, those studies did not correlate specific changes in the in vitro cytopathicity or NSI/SI phenotype with changes in pathogenicity. In light of those studies, it is possible that the cumulative effects of each viral determinant on replication, cytopathicity, and SI capacity may be important for enhancing the pathogenicity of SIVMne.
